Abstract
Concentrations of trichloroethene in ground water at the Naval Weapons Industrial Reserve Plant in Dallas, Texas, indicate three source areas of chlorinated solvents-building 1, building 6, and an off-site source west of the facility. The presence of daughter products of reductive dechlo rination of trichloroethene, which were not used at the facility, south and southwest of the source areas are evidence that reductive dechlorination is occur ring. In places south of the source areas, dissolved oxygen concentrations indicated that reduction of oxygen could be the dominant process, particu larly south of building 6; but elevated dissolved oxygen concentrations south of building 6 might be caused by a leaking water or sewer pipe. The nitrite data indicate that denitrification is occurring in places; however, dissolved hydrogen concentra tions indicate that iron reduction is the dominant process south of building 6. The distributions of ferrous iron indicate that iron reduction is occur ring in places south-southwest of buildings 6 and 1; dissolved hydrogen concentrations generally sup port the interpretation that iron reduction is the dominant process in those places. The generally low concentrations of sulfide indicate that sulfate reduction is not a key process in most sampled areas, an interpretation that is supported by dis solved hydrogen concentrations. Ferrous iron and dissolved hydrogen concentrations indicate that ferric iron reduction is the primary oxidationreduction process. Application of mean first-order decay rates in iron-reducing conditions for trichlo roethene, dichloroethene, and vinyl chloride yielded half-lives for those solvents of 231, 347, and 2.67 days, respectively. Decay rates, and thus half-lives, at the facility are expected to be similar to those computed. A weighted scoring method to indicate sites where reductive dechlorination might be likely to occur indicated strong evidence for anaerobic biodegradation of chlorinated solvents at six sites. In general, scores were highest for samples collected on the northeast side of the facility.
INTRODUCTION
The Naval Weapons Industrial Reserve Plant (NWIRP) in Dallas, Tex., has been in operation since 1941. The 314-acre NWIRP facility, which currently (2002) is operated by Vought Aircraft Industries Inc., manufactures military and commercial aircraft and air craft components. Manufacturing processes associated with the facility's operation include metal machining and treating; fabrication, painting, and stripping of air craft or aircraft parts; and aircraft renovation. These processes use petroleum products and solvents and create wastes that include oils and fuels, chlorinated sol vents, construction debris, and metals. The chlorinated ethenes trichloroethene (TCE), 1,2-cis-dichloroethene (cis-DCE), 1,2-trans-dichloroethene (trans-DCE), and vinyl chloride (VC) as well as chlorinated ethanes have been detected at various locations in the shallow alluvial deposits at the site (EnSafe/Allen & Hoshall, 1994 , 1996 . Multiple ground-water contamination plumes exist in the shallow alluvial deposits at the site because of several source areas (EnSafe/Allen & Hoshall, 1996) . Presently, the facility is operating under a Resource Conservation and Recovery Act Part B permit.
Purpose and Scope
This report describes the oxidation-reduction (redox) processes in ground water at NWIRP on the basis of data collected and analyzed by the U.S. Geolog ical Survey (USGS) and private companies. The USGS collected ground-water samples from 51 wells in September 1997 and from 57 wells in March 1998 (table 1, at end of report). The USGS analyzed the Sep tember 1997 samples in the field for specific conduc tance, pH, temperature, dissolved oxygen (DO), ferrous iron, total iron, sulfide, carbon dioxide, methane, and hydrogen; the March 1998 samples were analyzed in the field for specific conductance, pH, temperature, bicar bonate alkalinity, and selected volatile organic com pounds (VOCs). The USGS sent September 1997 samples to Quanterra Laboratories for analysis of bicar bonate alkalinity; sulfate; chloride; fluoride; silica; nitrate, nitrate plus nitrite, and ammonia nitrogen; orthophosphate phosphorus; boron; and total organic carbon (TOC). EnSafe/Allen & Hoshall (hereinafter, EnSafe), a consultant to the Navy, collected ground water samples from about 150 wells and had them ana lyzed by a contract laboratory for selected VOCs and metals in September 1997.
Description of Study Area
The study area is in the southwestern corner of the city of Dallas ( fig. 1 ). NWIRP is located north of Cottonwood Bay, which is a part of Mountain Creek Lake. The climate in north-central Texas is character ized by long, hot summers and short, mild winters. The average annual precipitation in north-central Texas is 32 in., with most of the precipitation occurring during spring and fall. Land-surface altitudes at NWIRP range from about 500 to 460 ft above sea level west to east and north to south ( fig. 1 ). Stormwater runoff drains into a manmade channel of Mountain Creek Lake locally referred to as Cottonwood Bay.
Hydrogeology
NWIRP is located on shallow alluvial deposits about 40 to 80 ft above the present-day flood plain of the West Fork Trinity River. The alluvial deposits range from about 10 to 75 ft thick and overlie the Cretaceous-age Eagle Ford Shale (EnSafe/Allen & Hoshall, 1994) . A previous study used borehole geo physical logging and cone penetrometer data to map the relative permeability of the shallow alluvial deposits at the NWIRP site (Anaya and others, 2000; Braun and others, 2000) . In that study, the shallow alluvial deposits were divided into upper, middle, and lower parts of roughly equal thickness. A series of intersecting sec tions was developed (Anaya and others, 2000, pls. 1-3), which indicates that the shallow alluvial deposits occur as lenticular, interfingering beds of sand, silt, and clay atop the shale bedrock. The relative permeability of the beds is gradational and depends on the amounts of sand (most permeable), silt, and clay (least permeable) present ( fig. 2) . The shallow alluvial deposits have been replaced by permeable fill material in places.
Ground water generally moves downgradient from a recharge area in the northwestern part of the study area through the shallow alluvial deposits under lying NWIRP toward the principal discharge area to the southeast, Cottonwood Bay ( fig. 3 ). Lateral flow gradi ents steepen from about 25 ft/mi in the north to about 75 ft/mi in the south. Downward vertical gradients (as much as 0.5 ft/ft under natural conditions) indicate that some water migrates between upper and lower parts of the shallow alluvial deposits. Downward migration is greatest in the northern part of the study area. Upward gradients near the east lagoon, west lagoon, and along the northern shore of Cottonwood Bay ( fig. 3 ) indicate diffuse ground-water discharge to these topographically low areas (Barker and Braun, 2000) . Specific-capacity tests at more than 20 wells produced 1.5 to 2.0 gal/min of sustained flow from each well (EnSafe/Allen & Hoshall, 1994) . About 76 percent of NWIRP ground cover is impervious; most of the pervious (grassy) areas are near the south end of the facility adjacent to Cotton wood Bay (Barker and Braun, 2000) .
SAMPLING AND ANALYTICAL METHODS AND RESULTS
Unfiltered ground-water samples were collected from wells using a peristaltic pump. Wells were pumped for at least 30 minutes before sampling. Constituents listed in table 2 (at end of report) were analyzed in the field or in the laboratory as indicated. The appendix lists selected additional data collected at NWIRP.
Decontamination procedures consisted of equip ment cleaning and rinsing between wells using deion ized water, methanol (as needed), and a dilute detergent solution (as needed). Equipment cleaned included glass bubblers for headspace analyses, monitoring probes, and glassware used with the HACH colorimeters. New Teflon and Tygon tubing was used for each well.
Volatile Organic Compounds
VOC samples were collected by EnSafe in September 1997 and analyzed by a contract laboratory using the U.S. Environmental Protection Agency (1999) method 8260. The USGS collected samples and 
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Datum is NGVD of 1929
Sampled well and number
DWP-L2-1 DWP-S1-17 DWP-S2-11 DWP-L2-16 DWP-BG-4-6 DWP-S1-DW2
DWP-4-2 DWP-S1-18 DWP-S1-10 DWP-S1-5 DWP-128-1 DWP-S1-11 DWP-4-8 DWP-5-12 DWP-L1-5 DWP-4-5
1'
DWP-4-4 DWP-S5-10 DWP-5-13 DWP-4-2 DWP-1-13 
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SAMPLING AND ANALYTICAL METHODS AND RESULTS
Modified from Barker and Braun, 2000, figure 20 (water levels), figure 2 (topography) Figure 3 . Water-level altitudes in shallow alluvial deposits at the Naval Weapons Industrial Reserve Plant, Dallas, Texas, March 1998.
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analyzed them with a field gas chromatograph (GC) in March 1998. The field GC results are considered semiquantitative but compare relatively well with the labora tory data. Samples analyzed in the field were collected in a 40-mL vial. At each well, 20 mL of sample was col lected in the vial. The vial was placed in a water bath and brought to 30 °C, the vial was shaken vigorously, and a quantity of headspace was removed with a gastight syringe and injected into a Photovac 10S50 GC calibrated for TCE, cis-DCE, trans-DCE, and VC.
Results of both laboratory and field GC analyses are listed in table 3 (at end of report).
Dissolved Oxygen
The concentration of DO was measured in the field using the indigo carmine method (Gilbert and others, 1982) . Ground water was pumped through Teflon tubing (having a low oxygen-diffusion coefficient) into a sampling cell. An ampoule was placed into the overflowing sample cell, and the tip was broken to draw a fixed size of sample into the ampoule. The tip was covered to ensure against atmo spheric contamination of the sample. The ampoule was inverted carefully several times to mix the colordeveloping reagents with the sample and allowed to react for 2 minutes. The ampoule then was placed in a CHEMetrics VVR photometer, and the DO concentra tion was recorded. The method detection limit for DO was 0.05 mg/L. Results of DO analyses are listed in table 4 (at end of report).
Nitrate and Nitrite
Nitrate as nitrogen and nitrate plus nitrite as nitro gen samples were collected by the USGS in September 1997 and analyzed by Quanterra Laboratories using methods 300.0 and 353.2 (U.S. Environmental Protec tion Agency, 1993 and 1983, respectively) . Nitrite con centrations are listed in table 4. Nitrate and nitrate plus nitrite concentrations are listed in the appendix.
Ferrous Iron and Total Iron
The concentration of ferrous iron was measured using the HACH phenanthroline powder pillow method (255), and the concentration of total iron was measured using the HACH FerroVer colorimetric method (265) (HACH Co., 1989) . For ferrous and total iron, 25 mL of ground water was poured into each of four colorimetric vials. The ferrous and total iron reagents, respectively, were then added to the first and second sample vials; the vials were filled with sample and allowed to react for 3 minutes. The third and fourth sample vials (the blanks) were placed in a DR2000 spectrophotometer, and the zero concentration was set at a 510-nm wavelength. The blank vials were removed, and each ground-water sample vial was placed in the spectrophotometer; after 3 minutes, concentrations of ferrous and total iron, in milligrams per liter, were recorded. The lower and upper method detection limits for ferrous and total iron using the methods and instrumentation listed above were 0.01 and 3 mg/L, respectively. If a sample concen tration was greater than 3 mg/L, a 50-percent dilution of the sample with deionized (DI) water was used, and the sample was re-analyzed. Several of the ferrous iron samples collected in September 1997 became cloudy during color development, causing incorrect readings on the spectrophotometer. The concentrations reported for cloudy ferrous samples in table 4 are qualified.
Sulfate and Sulfide
Sulfate samples were collected by the USGS in September 1997 and analyzed by Quanterra Laborato ries (appendix). The concentration of sulfide was measured using the HACH methylene blue colorimetric method (690) (HACH Co., 1989) . For sulfide a 25 mL sample of ground water was collected into a sample cell, and a second sample cell was filled with DI water. One mL of sulfide reagent 1 was added to each sample cell and swirled to mix. After mixing, 1 mL of sulfide reagent 2 was immediately added to each vial and swirled to mix. The methylene blue color was allowed to develop for 5 minutes. After 5 minutes, the blank sample was placed into the DR2000 spectrophotometer, and the zero concentration was set at a 665-nm wave length. The blank sample cell was removed, the sample cell containing the ground-water sample was placed in the colorimeter, and the concentration of sulfide, in milligrams per liter, was recorded. The lower and upper method detection limits for sulfide using the method and instrumentation listed above were 0.001 and 0.6 mg/L, respectively. Sulfide concentrations are listed in table 4.
Dissolved Hydrogen
The concentration of dissolved hydrogen was measured using the "bubble strip" method (Chapelle, 1996) in which ground water was pumped through a glass bubbler fitted with a septum. Once flow was established at about 500 mL/min and the bubbler was filled and free of gas bubbles, 20 mL of hydrogen-free helium was injected. The induced headspace was allowed to equilibrate with the flowing ground water for about 30 minutes. After 30 minutes, 10 mL of the headspace gas was withdrawn using a 10-mL gas-tight syringe with valve; after 5 minutes, a second 10-mL sample of the headspace gas was withdrawn into a sec ond syringe. Both samples were analyzed for hydrogen using a reducing gas detector chromatograph (Trace Analytical, 1997) calibrated with standard gases. Dis solved hydrogen concentrations listed in table 4 are an average of the two measurements.
Total Organic Carbon
TOC samples were collected by the USGS in September 1997 and analyzed by Quanterra Laborato ries using method 9060 (U.S. Environmental Protection Agency, 1999). TOC concentrations are listed in the appendix.
OXIDATION-REDUCTION PROCESSES
The most common redox processes in ground water are the reduction of oxygen, nitrate (denitrifica tion), ferric iron, sulfate, and carbon dioxide (methano genesis). The reduced chemical species produced during redox reactions are used in biological processes that facilitate reductive dechlorination of chlorinated solvents. The efficiency of the reductive dechlorination process varies depending on redox conditions. Dechlo carbon dioxide as electron acceptors. Dissolved hydro gen concentrations can be used to identify which redox process is dominant at a particular location ( fig. 4 ). Of the reducing environments noted above, methano genesis consumes the least hydrogen. Hydrogen con centrations in ground water are expected to be greater than 5.0 nM under methanogenic conditions. If sulfate reduction is the dominant redox process, hydrogen con centrations will range from 1.0 to 4.0 nM. If ferric iron reduction is the dominant redox process, hydrogen concentrations will range from 0.2 to 0.8 nM. If deni trification is the dominant redox process, hydrogen concentrations will be less than 0.1 nM (Chapelle, 1996) .
In addition to dissolved hydrogen concentrations, concentrations of the reduced species nitrite, ferrous iron, sulfide, and methane are useful for identifying redox processes. In some cases, determination of dis solved hydrogen concentrations might not be necessary; but when concentrations of the reduced species produce conflicting information, hydrogen concentrations are critical. For example, ferrous iron, sulfide, and methane can be transported by ground-water flow in the subsur face. The constituents could be produced upgradient and transported to the well where the measurement is made. To determine which redox process is dominant at the well where the measurement is made, dissolved hydrogen concentrations are needed. 6 rination of the more highly chlorinated solvents (tetrachloroethene [PCE] , TCE, and DCE) can occur in mildly reducing environments, such as those associ ated with ferric iron reduction, but dechlorination is more efficient in sulfate-reducing or methanogenic conditions (Chapelle, 1996; Suarez and Rifai, 1999) . VC typically requires a more strongly reducing environ ment such as methanogenesis to degrade but also will degrade under iron-reducing conditions and under aerobic conditions (Bradley and Chapelle, 1998). Table  5 (at end of report) lists mean first-order decay rates for TCE, DCE, and VC under five redox conditions and the computed half-lives associated with the respective decay rates. In general, the larger the first-order decay Hydrogen is produced during anaerobic microbial 
Volatile Organic Compounds
The concentrations of chlorinated solvents at NWIRP are controlled partially by reductive dechlori nation, which in turn is controlled by redox processes in ground water. Under anaerobic conditions, reductive dechlorination of TCE proceeds as follows:
TCE => cis-DCE + Cl => VC + 2Cl => ethene + 3Cl. (1) The presence of cis-DCE and VC usually indi cates that reductive dechlorination of TCE is occurring. Normally cis-DCE is not used as a primary solvent. It is more commonly a product of the degradation of a more highly chlorinated compound. Neither cis-DCE nor VC was used at NWIRP (EnSafe/Allen & Hoshall, 1996) . Therefore, the presence of these daughter products indi cates that TCE is degrading. The presence of VC indi cates that cis-DCE is degrading; but it also indicates that complete reductive dechlorination (eq. 1) might not be occurring in all areas of the facility. Figures 5, 6, and 7 show the distributions of TCE, cis-DCE, and VC, respectively, in shallow ground water at NWIRP. These maps were created using data collected by EnSafe in September 1997 from about 150 wells. Most of the wells were screened in the upper part of the shallow alluvial deposits only; some were screened in the upper and middle parts; and a few were screened in the middle and (or) lower part. The high dilution factors used dur ing laboratory analyses might have masked smaller con centrations of VC in some samples. Concentrations less than the method detection limit were not used in the generation of the concentration maps.
The three primary source areas for chlorinated solvents in ground water at NWIRP are building 1, building 6, and an off-site source west of the facility. Concentrations of chlorinated solvents are highest near these areas (figs. 5, 6, and 7). Each of three plumes (one from each source area) has distinctly different chemistry with respect to chlorinated solvents. The plume origi nating from the building 1 area contains chlorinated ethenes and chlorinated ethanes including trichloro ethane and 1,1-dichloroethane (appendix). The plume originating from the building 6 area primarily is com posed of chlorinated ethenes. The source area of build ing 6 generally has a larger TCE/cis-DCE ratio than other areas of NWIRP. Larger ratios generally indicate that reductive dechlorination is less efficient than in areas where the ratio is smaller. The plume that origi nates off-site is the only plume in which PCE concentra tions are greater than 10 µg/L. Wells DWP-OFF-5, DWP-BG-4, and DWP-BG-4-3 had PCE concentra tions of 170, 98, and 43 µg/L, respectively (appendix).
Dissolved Oxygen
DO concentrations greater than about 0.50 mg/L indicate that oxygen reduction is the dominant micro bial process (U.S. Environmental Protection Agency, 1998). Oxygen reduction occurs as follows:
Ground water is unconfined in shallow alluvial deposits at NWIRP, and both anaerobic (DO less than 0.50 mg/L) and aerobic (DO greater than 0.50 mg/L) (U.S. Environmental Protection Agency, 1998) ground water conditions were observed at various locations. DO concentrations tended to be less than 1.00 mg/L but were as high as 2.29 mg/L (table 4); the mean concen tration was 0.55 mg/L for samples collected in Septem ber 1997 and 0.35 mg/L for samples collected in March 1998. Several wells sampled south of building 6, a pri mary source area, had DO concentrations greater than 1.00 mg/L during both sampling events (figs. 8, 9). These concentrations are higher than would be expected near the source of a plume. One possible explanation is a leaking underground water or sewer pipe. Barker and Braun (2000) indicated that near the area where DO concentrations are larger, recharge was added to a ground-water-flow model of NWIRP to simulate an additional source of water other than infiltration of pre cipitation. The authors believe the observed DO concen trations more likely are related to an inflow of water rather than oxygen reduction. In general, the distribu tion of DO was similar for September 1997 and March 1998.
Nitrate and Nitrite
Nitrate is reduced to nitrite as follows:
Because of this process, an increase in nitrite would be expected where nitrate reduction is occurring. The mean concentration of nitrite in those samples containing nitrite collected in September 1997 was 0.36 mg/L. The nitrite data indicate that nitrate reduction is occurring in places. Nitrite concentrations equal to or greater than 0.5 mg/L were detected in six wells (screened in the upper or in the upper and middle parts of the shallow alluvial deposits)-DWP-4-2, DWP-4-4, DWP-4-9, DWP-L2-1, DWP-L2-16, and 
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West lagoon East lagoon 
West lagoon East lagoon DWP-L2-5 ( fig. 10 ). The three "L2" wells are located south of building 6, where nitrite (and nitrate) concen trations were larger than in most other areas of NWIRP. However, dissolved hydrogen concentrations indicate that the dominant redox process south of building 6 is ferric iron reduction.
Nitrate concentrations in uncontaminated shallow ground water generally are less than 2 mg/L (U.S. Geo logical Survey, 1999). Nitrate concentrations in wells DWP-L2-1, DWP-L2-16, and DWP-L2-5 were 25, 14.8, and 8.4 mg/L, respectively (appendix). The pres ence of nitrate at these relatively high concentrations, in addition to the larger DO concentrations, supports the possibility that an underground sewer pipe might be leaking south of building 6.
Ferrous Iron and Total Iron
Ferric iron is reduced to ferrous iron by the reaction
Because of this process, an increase in ferrous iron concentration is expected where ferric iron reduc tion is occurring. Concentrations greater than about 1.00 mg/L indicate that iron reduction is probable (U.S. Environmental Protection Agency, 1993). The concen trations of ferrous iron in September 1997 and March 1998 (figs. 11, 12) indicate places where iron reduction probably is occurring, assuming that sulfide production from sulfate reduction is negligible.
Sulfate and Sulfide
Sulfate is reduced to hydrogen sulfide during sulfate reduction as follows:
Because of this process, an increase in sulfide is expected where sulfate reduction is occurring, assuming that locally, sulfide production exceeds iron reduction. The generally low concentrations of sulfide (figs. 13, 14) indicate that sulfate reduction is not a key process in the parts of the shallow alluvial deposits sampled.
Dissolved Hydrogen
Dissolved hydrogen concentrations (figs. 15, 16) indicate that ferric iron reduction is the most common redox process at the sampled wells. Dissolved hydrogen concentrations ranged from less than the method detec tion limit to more than 2,000 nM (table 4) . Extremely large concentrations of hydrogen (greater than 50 nM) can be produced in newly installed wells, in wells pumped with direct-current-driven submersible pumps, and in wells with iron casing or screens (Chapelle and others, 1997). The relatively large hydrogen concentra tions measured in this study are attributed to the instal lation of new wells. Excluding hydrogen concentrations greater than 50 nM, the median concentration of sam ples containing dissolved hydrogen was 0.53 nM for samples collected in September 1997 and 0.45 nM for samples collected in March 1998. These concentrations are typical indicators of ferric iron reduction (fig. 4) .
Suarez and Rifai (1999) compiled a database of mean first-order decay rates for chlorinated solvents (table 5) from field and laboratory studies. From the table, the mean first-order decay rate associated with iron reduction for TCE is 0.003 day -1
. Using the general equation for first-order decay, 1n (0.5) = -kt 1/2 , where k is the decay rate, and t 1/2 is the half-life, a mean half-life of 231 days is computed for TCE. The computed mean half-life for DCE in iron reducing conditions is 347 days and for VC is 2.7 days. Decay constants were not computed for NWIRP, but it is expected that decay rates at NWIRP would be similar to the decay rates thus computed.
Total Organic Carbon
Analytical screening criteria were developed by USEPA as part of a weighted scoring method to indicate where reductive dechlorination might be likely to occur (U.S. Environmental Protection Agency, 1998). (See next section.) The criterion for TOC is that 20 mg/L is required for reductive dechlorination to proceed effi ciently. TOC concentrations at NWIRP ranged from less than the method detection limit to 11.9 mg/L in samples collected in September 1997 (appendix). Results of VOC analyses from September 1997 samples showed very few wells with anthropogenic carbon compounds such as benzene, toluene, ethylbenzene, or xylene. The lack of a sufficient organic carbon source, whether naturally occurring or anthropogenic, can be a limiting factor for efficient reductive dechlorination (Suarez and Rifai, 1999) .
Screening Results
The USEPA has developed a weighted scoring method to indicate sites where reductive dechlorination 
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West lagoon East lagoon Figure 13 . Sulfide concentrations from wells screened in the upper or in the upper and middle parts of the shallow alluvial deposits at the Naval Weapons Industrial Reserve Plant, Dallas, Texas, September 1997. 
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Figure 14. Sulfide concentrations from wells screened in the upper or in the upper and middle parts of the shallow alluvial deposits at the Naval Weapons Industrial Reserve Plant, Dallas, Texas, March 1998. 
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West lagoon East lagoon Figure 15 . Dissolved hydrogen concentrations from wells screened in the upper or in the upper and middle parts of the shallow alluvial deposits and indicated oxidation-reduction processes at the Naval Weapons Industrial Reserve Plant, Dallas, Texas, September 1997. 
West lagoon East lagoon Figure 16 . Dissolved hydrogen concentrations from wells screened in the upper or in the upper and middle parts of the shallow alluvial deposits and indicated oxidation-reduction processes at the Naval Weapons Industrial Reserve Plant, Dallas, Texas, March 1998. might be likely to occur (U.S. Environmental Protection Agency, 1998). Monitored natural attenuation (MNA) scores for sites (wells) are computed on the basis of con centrations of selected constituents. An MNA score of 0 to 5 of a possible 49 indicates inadequate evidence for anaerobic biodegradation of chlorinated solvents; a score of 6 to 14 indicates limited evidence for anaerobic biodegradation of chlorinated solvents; a score of 15 to 20 indicates adequate evidence for anaerobic biodegra dation of chlorinated solvents; and a score greater than 20 indicates strong evidence for anaerobic biodegrada tion of chlorinated solvents. The work at NWIRP was done before the USEPA released its list of screening constituents; therefore not all the screening constituents were analyzed for this study. To score the ground-water samples collected from NWIRP in September 1997, a possible total score of 30 rather than 49 was used. Accordingly, the scoring also was modified-an MNA score of 0 to 3 indicated inadequate evidence for anaer obic biodegradation of chlorinated solvents; a score of 4 to 9 indicated limited evidence for anaerobic bio degradation of chlorinated solvents; a score of 10 to 12 indicated adequate evidence for anaerobic biodegrada tion of chlorinated solvents; and a score greater than 12 indicated strong evidence for anaerobic biodegrada tion of chlorinated solvents. The MNA score for each well is listed in table 3. Six wells had scores greater than 12. In general, scores were highest for samples collected on the northeast side of the facility, although three wells in the central part of the facility, DWP-5-12, DWP-S1-10, and DWP-S1-4 had scores greater than 12.
SUMMARY
Concentrations of TCE in ground water at NWIRP indicate three source areas of chlorinated sol vents-building 1, building 6, and an off-site source west of the facility. The presence of cis-DCE and VC, products of reductive dechlorination of TCE that were not used at the facility, south and southwest of the source areas are evidence that reductive dechlorination is occurring.
The efficiency of reductive dechlorination in ground water is controlled by redox processes. The most common redox processes in ground water are the reduction of oxygen, nitrate (denitrification), ferric iron, sulfate, and carbon dioxide (methanogenesis). Concen trations of reduced species (for example, nitrite, ferrous iron) at a particular site can indicate which redox pro cess is dominant, but sometimes concentrations of reduced species are not definitive. In such cases, con centrations of dissolved hydrogen in specific ranges can indicate which redox process is dominant. In places south of the source areas, DO concentrations indicated that reduction of oxygen could be the dominant process, particularly south of building 6; but elevated DO con centrations south of building 6 might be caused by a leaking water or sewer pipe. The nitrite data indicate that denitrification is occurring in places; however dis solved hydrogen concentrations indicate that iron reduction is the dominant process south of building 6. The distributions of ferrous iron indicate that iron reduction is occurring in places south-southwest of buildings 6 and 1; dissolved hydrogen concentrations generally support the interpretation that iron reduction is the dominant process in those places. The generally low concentrations of sulfide indicate that sulfate reduc tion is not a key process in most sampled areas, an inter pretation that is supported by dissolved hydrogen concentrations.
Dissolved hydrogen concentrations at sampled wells were most frequently in the range that indicated ferric iron reduction is the primary redox process. Applying mean first-order decay rates for TCE, cis-DCE, and VC in iron-reducing conditions from a recent study resulted in mean half-lives for TCE, cis-DCE, and VC of 231, 347, and 2.67 days, respectively. Decay rates were not computed for NWIRP, but it is expected that decay rates, and thus half-lives, at NWIRP would be similar to those computed.
Small concentrations of TOC indicate the lack of an organic carbon source, which could be a limiting fac tor for efficient reductive dechlorination at NWIRP.
The USEPA has developed a weighted scoring method to indicate sites where reductive dechlorination might be likely to occur. At NWIRP, a score greater than 12 indicated strong evidence for anaerobic biodegrada tion of chlorinated solvents. Scores greater than 12 were computed for six sites. In general, scores were highest for samples collected on the northeast side of the facil ity, although three sites in the central part of NWIRP had scores greater than 12. 
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